ABSTRACT Total RNA, prepared from chicken limb bud cultures undergoing differentiation to cartilage, has been translated in a wheat germ cell-free protein-synthesizing system. Antibodies against chondroitin sulfate proteoglycan core protein immunoprecipitate a single component which migrates as a protein of 340,000 daltons in sodium dodecyl sulfate/polyacrylamide gels. The messenger RNA for this protein sediments at approximately 27 S in 70% formamide or aqueous sucrose gradients. The 340,000-dalton protein is present in cell-free translation products directed by RNA pre ared from limb bud cultures and sternae and is absent in cel ¶-free translation directed by RNA prepared from embryonic calvaria or liver. Variable amounts of information are available concerning the genes, mRNAs, and initial translation products of the proteins we have chosen to examine. Chondroitin sulfate proteoglycan subunit from chicken sternal or epiphyseal cartilage has been isolated as a very large [2-3 X 106 daltons (Dal)] (5, 6), polydisperse (7) molecule which contains 7-11% protein (8, 9). The presence of large amounts of carbohydrate attached to the subunit has prevented definitive characterization of the core protein, although extensive studies have suggested that it is of high molecular weight and contains regions differing in chemical composition and function (10). The identification and analysis of core protein translated from mRNA may provide an alternative approach to the study of this molecule. Preliminary reports of cell-free synthesis of core protein have appeared (11, 12).
bands have been identified on gels by electrophoresis of collagenase-digested or immunoprecipitated cell-free translation products directed by RNA from differentiating limb bud cultures, embryonic sternae, and embryonic calvaria. The differentiation of cultured chicken embryonic mesenchyme into cartilage provides a system for the study of the molecular mechanisms that control the coordinated expression of genes characteristic of this process. Stage 24 embryonic limb bud mesenchyme undergoes this differentiation into cartilage under the appropriate conditions in culture, paralleling its normal in vivo development (1) . Such chondrogenesis is characterized by the accumulation of chondroitin sulfate proteoglycan (1, 2), type II collagen (2) , and link protein(s)(3) in extracellular matrix. Prior to differentiation, these mesenchymal cells synthesize large amounts of type I collagen (4) . In order to study this process at the molecular level, it is necessary to identify the messenger RNAs and nascent translation products for those genes specifically controlled during chondrogenesis. This communication is concerned with the cell-free translation of RNA from differentiating cartilage into putative chondroitin sulfate proteoglycan core protein and types I and II (pre)procollagens.
Variable amounts of information are available concerning the genes, mRNAs, and initial translation products of the proteins we have chosen to examine. Chondroitin sulfate proteoglycan subunit from chicken sternal or epiphyseal cartilage has been isolated as a very large [2-3 X 106 daltons (Dal)] (5, 6), polydisperse (7) molecule which contains 7-11% protein (8, 9) . The presence of large amounts of carbohydrate attached to the subunit has prevented definitive characterization of the core protein, although extensive studies have suggested that it is of high molecular weight and contains regions differing in chemical composition and function (10) . The identification and analysis of core protein translated from mRNA may provide an alternative approach to the study of this molecule. Preliminary reports of cell-free synthesis of core protein have appeared (11, 12) .
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Type II procollagen is somewhat better characterized, but information regarding its mRNA and the initial translation product is limited to a report demonstrating the cell-free translation of cartilage RNA into one major high molecular weight band of a collagenase-sensitive protein on sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gels (13) . The mRNAs and nascent translation products for the al and a2 chains of type I collagen have received considerable attention (14) (15) (16) (17) (18) (19) (20) . Two groups have reported the cloning of segments of cDNAs prepared from mRNA (18, 19) , and the al(I) chain has recently been shown to be synthesized in a prepro form (14) .
MATERIALS AND METHODS
Fertile white leghorn chicken eggs were obtained from Sharpe Farms (Glen Ellyn, IL). High density limb bud cultures were prepared and, in some cases, treated with BrdUrd as described (21 Total RNA Purification. RNA was purified from 8-day limb bud cultures and 16-day embryonic liver by using slight modifications of the guanidine extraction procedure (22) described by Adams et al. (23) with initial homogenization in a Dounce homogenizer followed by a 10-min centrifugation at 12,000 X g to remove nonsolubilized material prior to ethanol precipitation of RNA. RNA was prepared from 16-day embryonic calvaria either by the procedure of Monson and Goodman (17) or by the guanidine extraction procedure (22, 23) with initial homogenization in a Polytron. Total RNA from 17-day embryonic sternae was prepared by this latter procedure.
Cell-Free Translation. Wheat germ extracts were prepared by a modification of the method of Roberts and Paterson (24) . Wheat germ was selected by flotation on a mixture of CC14 and cyclohexane (25) (20) . Protein in the aliquots was precipitated by trichloroacetic acid for analysis by gel electrophoresis.
Immunoprecipitation of Cell-Free Translation Products. Antisera have been described (26 (Fig. 1, lane 3) . No such product was observed with normal rabbit serum (Fig. 1, lane  4) . Sufficient dilution of the labeled products and centrifugation to remove ribosomes were essential to prevent nonspecific precipitation of other proteins. Fig. 2 approximately 340,000. Caution must be used in interpreting the apparent molecular weight because the validity of NaDodSO4/polyacrylamide gel electrophoresis for molecular weight determination above 250,000 has not been well documented (31) and some proteins, most notably collagen, are known to behave anomalously (32, 33) . By using material prepared from limb bud cultures, a protein with mobility identical to the 340,000-Dal protein has been obtained from the following: (i) immunoprecipitates of completed nascent chains labeled by incubation of isolated polysomes in the wheat germ cell-free system in the presence of [35S]methionine, (ii) RNA-directed wheat germ cell-free reactions using [3H]serine or [3H]proline, and (iii) RNA-directed rabbit reticulocyte cell-free translation using [s5S]methionine (data not shown).
Total RNA from sternae was sedimented on 70% formamide sucrose gradients to further characterize the mRNAs present (Fig. 3) . Only those fractions sedimenting at approximately the same rate as the large rRNA (27 S) were active in the synthesis of the putative core protein. Similar results have been obtained on aqueous gradients with RNA prepared from limb bud cultures. Indirect immunoprecipitation of cell-free products directed by gradient-fractionated limb bud RNA using antibodies against core protein shows specific immunoprecipitation of only the 340,000-Dal protein.
The mRNA for a protein of this size and with the amino acid composition reported for core protein (8, 9) would be expected to have at least 8.2 kilobases and would sediment more rapidly than the large rRNA on denaturing gradients. Because 70% formamide gradients are not fully denaturing and RNAs larger than 27S rRNA can sediment more slowly than the 27S rRNA on these gradients (34) , no precise estimate of the molecular weight of the core protein mRNA can be made from these data. However, the relatively rapid rate of sedimentation of this mRNA is consistent with the large size of the protein.
Tissue Specificity of the 340,000-Dal Product. Differentiating limb bud cultures are known to contain cell types other than chondrocytes (35, 36 immunoprecipitated protein is specific for the cartilage phenotype, cell-free translation products directed by RNA from limb bud cultures, sternae, and several noncartilage tissues were compared. These include the following: (i) 17-day embryonic sternae which are primarily composed of chondrocytes and synthesize large amounts of type II collagen and proteoglycan, (ii) 16-day embryonic calvaria, a noncartilagenous connective tissue in which type I collagen is reported to be 60% of the total protein synthesized (37), (iii) embryonic liver, and (iv) limb bud cultures inhibited from differentiating to cartilage by BrdUrd (21) . Cell-free translation products of these RNAs are displayed by NaDodSO4/polyacrylamide slab gel electrophoresis in Fig.  4 . The 340,000-Dal protein was found only in the translation products of RNA from cultured limb bud and sternae. Sternal products also included a major protein with an apparent molecular weight of approximately 160,000, which we believe to be type II (pre)procollagen (see below). Some mRNAs have been reported to compete poorly for initiation of translation in cell-free systems in the presence of other messenger RNAs (38, 39) . In order to lessen such problems and to increase the sensitivity for detection of core protein mRNA in tissues other than cartilage, RNAs from calvaria, liver, and BrdUrd-treated limb bud cultures were fractionated by sedimentation on aqueous sucrose gradients. Fractions corresponding to those enriched in core protein mRNA in gradients of limb bud or sternal RNA (Fig. 3) were translated in the cell-free system and the products were immunoprecipitated with antibodies against core protein (data not shown). No immunoprecipitable core protein was detected in translation products from fractionated liver or calvaria RNA. Translation products of RNA fractions from BrdUrd-treated cultures contained low levels of core protein, consistent with other findings that indicate incomplete inhibition of differentiation by BrdUrd (2) .
Identification of (Pre)Procolagen Chains in Translation Products Directed by RNA from Differentiating Cartilage.
During the differentiation of mesenchymal cells to cartilage, a switch from synthesis of type I to type II collagen occurs (2, 4) . In order to identify messenger RNAs and nascent translation products for the two collagen types, we investigated the sensitivity of cell-free translation products to collagenase and the reactivity of products with antibodies against types I and II collagen. Collagenase-digestions of the total translation products of RNAs prepared from differentiating limb bud cultures, sternae, and calvaria are shown in Fig. SA . Calvaria RNA directs the synthesis of two major proteins sensitive to collagenase with apparent molecular weights of approximately 190,000 and 150,000. These bands appear to correspond to al(I) and a2(I) (pre)procollagen chains, respectively (15) (16) (17) FIG. 5. Identification of (pre)procollagens in total translation products from differentiating limb bud (LB), sternae (S), and calvaria (C).(A) Collagenase sensitivity of cell-free translation products, the synthesis of which was directed by total RNA from sternae, differentiating limb bud cultures, and calvaria. Lanes 1-5: 0, 0.37, 2.0, 10, and 100 units of collagenase per ml, respectively. (B) Immunoprecipitation with guinea pig antibodies against type I and type II collagen. Lanes: 1, total products directed by differentiating limb bud RNA; 2, immunoprecipitate obtained from total limb bud product with antibodies against type II collagen; 3, immunoprecipitate obtained from total limb bud product with antibodies against type I collagen; 4, immunoprecipitate obtained from total limb bud product with normal guinea pig serum; 5, immunoprecipitate from total sternal product with antibodies against type II collagen; 6, immunoprecipitate from total calvaria product with antibodies against type I collagen. Arrows indicate the positions of presumptive (pre)proal(I), -a2(I), and -al(II) chains.
collagenase-sensitive bands were also present in calvaria mRNA translation products. Sternal RNA was translated into one major collagenase-sensitive product that migrated as a protein of 160,000 Dal as well as a number of minor collagenase-sensitive bands of higher and lower molecular weights. Included among these are bands that migrated at the same rate as the two type I (pre)procollagen bands. Translation products of limb bud RNA include three major bands sensitive to collagenase which correspond to the primary collagenase-sensitive translation products of RNA from calvaria and sternae. The 340,000-Dal polypeptide immunoprecipitated by antibodies against proteoglycan core protein is insensitive to collagenase in both limb bud and sternal cell-free products.
Immunoprecipitation of products, the cell-free synthesis of which was directed by limb bud RNA, with antibodies against type I or type II collagen is shown in Fig. SB . Antibodies against type II collagen precipitated one predominant band which migrated at the same rate as the major band present in the sternal translation products (Fig. 5B, lane 2) . Antibodies against type I collagen precipitated the band presumably corresponding to the a2(I) chain and not the band corresponding to the al(I) chain (Fig. 5B, lane 3) . Normal serum does not precipitate either of these bands (Fig. 5B, lane 4) . Immunoprecipitation of translation products directed by RNA from sternae and calvaria with anti-type II and anti-type I collagen antisera, respectively, is shown in lanes 5 and 6.
DISCUSSION
We have identified the presumptive nascent chain for the core protein of chondroitin sulfate proteoglycan by translation of messenger RNA prepared from chondrocytes and subsequent indirect immunoprecipitation of the translation product with antibodies prepared against core protein. Similar results have been obtained with antibodies prepared in either rabbit or guinea pig. After reduction with dithiothreitol, this protein migrates on NaDodSO4/polyacrylamide gels as a polypeptide with an apparent molecular weight of approximately 340,000.
Definitive identification of the 340,000-Dal protein as core protein will be dependent on additional biochemical and immunological characterization of core protein isolated from tissue and the nascent protein synthesized in RNA-dependent cell-free translation reactions. The antisera used in these studies have been characterized (26 The size of core protein in cartilage has been difficult to ascertain previously due to the lack of availability of fully intact pure protein. On the basis of buoyant density and keratan sulfate content, a molecular weight of 200,000 was suggested by Hascall and Riolo (40) for bovine nasal cartilage core protein.
Most studies of proteoglycan have suggested polydispersity (7, 41) . Evidence presented here suggests that the apparent molecular weight of the nascent core protein is about 340,000. This estimate must be regarded with some caution because it is based only on electrophoretic mobility in NaDodSO4/polyacrylamide gels. Because the core protein is both secreted and extensively modified by the addition of carbohydrate, the 340,000-Dal protein may well be a higher molecular weight precursor. The processing of nascent chains to a smaller size has now been well established for many proteins that are ultimately secreted or inserted into membranes. It is possible that a portion of the polydispersity reported for core protein may result from such proteolytic processing.
Other investigators have reported that, in addition to the two bands expected for the (pre)proal(I) and (pre)proa2(I) chains of collagen, RNA prepared from calvaria is translated into other minor bands which are collagenase-sensitive or immunoprecipitable with antibodies against collagen (15) (16) (17) 20) . We also find several such bands (see Figs. 4 and 5) . Some of these bands migrate between the (pre)proal(I) and (pre)proa2(I) chains and might be either the result of premature termination of translation, proteolysis of (pre)proal(I) chains, or translation of partially degraded mRNAs cleaved at specific sites. We find a relatively intense band migrating as a protein of 130,000 Dal which is both collagenase-sensitive and immunoprecipitated by antibodies against type I collagen. These antibodies were prepared against native type I collagen isolated from lathrytic chicken embryos and primarily react with the presumptive a2 chain and not the a1 chain (see above).
In translation products of sternal RNA, we find a single major band which appears to be (pre)proal(II) collagen migrating as a protein of 160,000 Dal. Fig. 3 ) and thus could not be generated by premature termination of translation. It is possible that this RNA is a specific partial degradation product of the mRNA for (pre)proal(II) chains. However, the product is not immunoprecipitated by antibodies against type II collagen. An alternative explanation for the apparent collagenase sensitivity of minor bands could be contamination of the collagenase by very specific proteases. When the total translation products of RNA prepared from differentiating limb bud cultures and sternae are compared, a number of differences are observed, probably reflecting the multiple cell types present in limb bud cultures. The major difference is the translation of limb bud RNA into relatively large amounts of type I collagen and small amounts of type II collagen, compared with sternal RNA. Minor differences are difficult to interpret due to the fact that cell-free translation products do not necessarily reflect the true relative mRNA concentrations.
The translation products directed by RNA from BrdUrdinhibited cultures are very similar to those directed by limb bud RNA with the exception that the cartilage-specific products, core protein and (pre)proal(II) collagen, are lacking.
These studies demonstrate the translation of RNA into putative chondroitin sulfate proteoglycan core protein and type II (pre)procollagen, products characteristic of the cartilage phenotype. 
